Physiol. l(l): E53-E56, l977+ -Using radioactive microspheres, mucosal and muscular capillary blood flow have been measured in the rumen, reticulum, and omasum of conscious sheep. Total forestomach capillary blood flow (7.7 ml min-' kg body WtF) was about 7% of cardiac output; 95% of the flow was in the mucosa and only 5% in muscle layers, Blood flow in the rumen was 6 times higher than in the reticulum and 4.4 times higher than in the omasum. Mucosal capillary flow per unit area of mucosal epithelium in the umasum (disregarding the increment in area due to papillae) was only one-third of that in the ventral rumen (long papillae); flow in the dorsal rumen (short papillae) was about half the flow in the ventral rumen. Mucosal flow seems to provide a convenient, indirect estimate of the increase in mucosal surface due to papillae and, thereby, of the functional forestomach surface area. Heat stimuli resulted in decreased capillary blood flow -primarily in mucosa during exposure to a warm environment and, also, in muscle during hypothalamic or spinal cord heating. and there is considerable interest in the physiology of the ruminant stomach because of the unique nature of this organ. However, the anatomy of the forestomach blood supply has precluded application of many of the more common techniques to measure blood flow in the rumen, reticulum, and omasum. In anesthetized, heparinized sheep, venous outflow from the posterior vein of the rumen has been measured with a bubble flowmeter (2, 11). In conscious cattle and goats, blood flow in the right ruminal artery has been recorded with chronically implanted electromagnetic probes (12, 17); this artery may supply 35-45% of the flow to the reticulum and rumen. The development of radioactive microsphere techniques (7, 15) has permitted the quantitative measurement of capillary blood flow rate in most tissues of conscious animals, and Hales (5, 6) has reported values for rumen blood flow in conscious sheep. The present study investigates details of the distribution of forestomach blood flow-in the rumen, reticulum, and omasum, and between muscle and mucosal layers; effects of some thermoregulatory demands were also observed.
l977+ -Using radioactive microspheres, mucosal and muscular capillary blood flow have been measured in the rumen, reticulum, and omasum of conscious sheep. Total forestomach capillary blood flow (7.7 ml min-' kg body WtF) was about 7% of cardiac output; 95% of the flow was in the mucosa and only 5% in muscle layers, Blood flow in the rumen was 6 times higher than in the reticulum and 4.4 times higher than in the omasum. Mucosal capillary flow per unit area of mucosal epithelium in the umasum (disregarding the increment in area due to papillae) was only one-third of that in the ventral rumen (long papillae); flow in the dorsal rumen (short papillae) was about half the flow in the ventral rumen. Mucosal flow seems to provide a convenient, indirect estimate of the increase in mucosal surface due to papillae and, thereby, of the functional forestomach surface area. Heat stimuli resulted in decreased capillary blood flow -primarily in mucosa during exposure to a warm environment and, also, in muscle during hypothalamic or spinal cord heating. and there is considerable interest in the physiology of the ruminant stomach because of the unique nature of this organ. However, the anatomy of the forestomach blood supply has precluded application of many of the more common techniques to measure blood flow in the rumen, reticulum, and omasum. In anesthetized, heparinized sheep, venous outflow from the posterior vein of the rumen has been measured with a bubble flowmeter (2, 11) . In conscious cattle and goats, blood flow in the right ruminal artery has been recorded with chronically implanted electromagnetic probes (12, 17) ; this artery may supply 35-45% of the flow to the reticulum and rumen. The development of radioactive microsphere techniques (7, 15) has permitted the quantitative measurement of capillary blood flow rate in most tissues of conscious animals, and Hales (5, 6) has reported values for rumen blood flow in conscious sheep. The present study investigates details of the distribution of forestomach blood flow-in the rumen, reticulum, and omasum, and between muscle and mucosal layers; effects of some thermoregulatory demands were also observed.
METHODS
The experimental procedure, preparation of the animals, and radioactive microsphere techniques for the determination of cardiac output (CO) and tissue blood flow rate have been described previously (5, 7) and, therefore, only a brief outline is given here.
Eight castrated male Merino sheep, 1-3 yr old, and weighing 22-32 kg were used. Animals were trained to stand quietly in a climatic room, where they were held for about 24 h following catheter implantation. They were fed 600 g of a pelleted ration consisting of 60% lucerne chaff and 40% oats. Usually the food was provided each morning, but the last feed was given about 18 h before experimental observations.
Radioactive microspheres (3M Co., St. Paul, Minn.) 15 + 5 pm in diameter and labeled with 141Ce, jlCr, or -HsSr were used for circulatory measurements. Thirteen injections were made under thermoneutral conditions, four during hypothalamic heating, three during spinal cord heating, and three during exposure to a warm environment. Air temperatures were approximately l8OC dry bulb and 14°C wet bulb for thermoneutral, and 40°C dry bulb and 27°C wet bulb for the warm environment (6). On completion of the experimental period, the sheep was killed, the forestomach removed entirely, the contents emptied, and the rumen, reticulum, and omasum separately dissected. The forestomach wall was washed and dried with paper towels, and all evident fat was removed. To estimate the flow per unit area of forestomach wall, 100.cm" portions were taken from the dorsal and ventral parts of the rumen as well as from the reticulum. From the omasum, 100 cm" of omasal leaves (200 cm" leaf surface area) were taken. The mucosa was carefully stripped from the muscle layer in the entire forestomach as well as the selected s&ions, except in the case of the omasal leaves where no muscle could be separated.
Estimates of error are given as standard deviation, and the significance of differences has been assessed with Student t test.
RESULTS
Forestomach capillary blood flow per kilogram body weight and percent CO ( Table 1) . The mean mucosal blood flow for all four experimental conditions and for all three forestomach sections was 7.3 ml min-l kg body wt-l, or 6.4% of CO; 72% of the flow was to the rumen, 12% to the reticulum, and 16% to the omasum. The Values are means * SD. Experimental conditions as in Table 1 .
mucosa accounted for 95% of the total forestomach capillary blood flow. Mean muscle blood flow was 0.4 ml min-1 kg body wt -I, or 0.4% of CO. The proportion of muscle blood flow in the three forestomach sections differed somewhat from that of the mucosal flow: 60% of the total muscle blood flow was through the rumen, 20% the reticulum, and 20% through the omasum. Forestomach muscle blood flow was only 5.2% of the total forestomach blood flow.
Capillary
blood flow per unit weight and area of tissue (Table 2 ). Neither mucosal nor muscle blood flow flow per 100 cm? differed highly significantly (P < 0.01): in the ventral part of the rumen it was almost twice that in the dorsal part, and more than 3 times that in the omasal leaves.
(mucosa and muscle together) per unit weight was recently measured in 13 adult sheep in a thermoneutral environment (5), and the value of 68 -t 42 ml min-I 100 g tissue-' is identical with the mean of the present observations. However, in the earlier work, a notably higher percentage of cardiac output was reported to go to the total rumen, viz., 10% compared with the present 7% of the CO; this is attributable to the previous use of a value for total rumen weight published by other workers, rather than determining the actual weight of the organs as was done in the present work. Portal blood flow in sheep (about 40 ml min-l kg body wt-I> is approximately one-third of CO (4, 13, 14, 19). We have now found a mean capillary blood flow for the total forestomach of Influence of heat stimuli on blood flow in forestomach (Table   3 ). Blood fl ow in the mucosa was, on average, 17% lower and in the muscle 56% lower during hypothalamic or spinal cord heating. Although there was a large variation between animals, the paired t test showed that these reductions in blood flow were highly significant (P < 0.01). Mild heat stress resulted in a significant decrease in blood flow only in mucosa of the dorsal rumen and reticulum. Cardiac output does not change significantly with any of these treatments (6, 8, 10).
DISCUSSION
Forestomach blood flow, and especially mucosal flow, 7.7 ml min-1 kg body wt-', which leaves about 32 ml plays an essential role in forestomach physiology and mini1 kg body wt+ to pass through arteriovenous anaspathophysiology. Consequently, a knowledge of blood tomoses in the forestomach and through capillaries and flow and its regional distribution is of importance. From arteriovenous anastomoses in other tissues contributing our knowledge of the size of nutrient blood vessels, it is to the portal flow. Arteriovenous anastomoses are abunprobable that the use of microspheres 15 pm in diameter dant in the ruminant stomach (16) and appear to play will provide a measure of capillary or nutrient blood an important role in the redistribution of CO during flow (7). It has, in fact, been demonstrated recently that thermal stress (10). Total ruminal blood flow has been microspheres of this size lodge in either end-arterioles estimated at 266 ml min-' 100 g tissue-' in two sheep by or capillaries in living tissue of the rabbit's ear (9). using micropheres 175 pm in diameter (7). From this,
Total capillary blood flow in forestomach.
To date, an approximation of 19 ml min-1 kg body wt-' for total information on total capillary blood flow in the fore-ruminal flow, or 27 ml min-' kg body wtF for total stomach has not been available. Ruminal blood flow forestomach blood flow, is obtainable. Thus, total fore- stomach blood flow would be more than 50% of the portal flow. This may be an unexpectedly high value, but it should be borne in mind that the 175~pm microspheres (7) were used in a warm environment, in only two animals, and that earlier estimates have not been based on actual measurements of forestomach blood
The weight of the wet tissue of the forestomach mucosa (289 g) is .only slightly higher than that of the muscle (238 g)* Mucosal blood flow, however, is 95% of the total forestomach flow. The high proportion of mucosal blood flow in the forestomach may reflect the importance of absorption and metabolism in this tissue. Thus, the quotient of mucosal over muscle blood flow in the sheep, a ruminant, is about 3 times higher than that recently reported for the dog, a monogastric animal (1) .
In goats and cattle, blood flow has been measured in the right ruminal artery with an electromagnetic flowmeter. Feeding, addition of volatile fatty acids, CO, insufflation, or intravenous infusions of drugs changed arterial blood flow by up to 200% (12, 17) . It is probable that these changes in the rumen wall took place almost exclusively in the mucosa, in view of the present demonstration that muscle accounted for only a very small fraction of the total blood flow.
Distribution of capillary blood flow in different segments of forestomach. Blood flow in the rumen was 6 times higher than in the reticulum and 4.4 times higher than in the omasum. The wet weight of omasal tissue in our experiments (52 g) was 11% of that in the reticulorumen (475 g). Due to the relatively high proportion of mucosa and the low proportion of muscle in the omasum, blood flow in the omasum was relatively high, nearly 20% of that in the reticulorumen.
In the different segments of the forestomach, blood flow per 100 g mucosal tissue did not show striking differences. However, capillary blood flow per unit area differed to a great extent. In the leaves of the omasum, blood flow per unit of forestomach area (disregarding the increment in surface area due to papillae) was only one-third of that in the ventral rumen (long papillae); in
